inflorescences using exclusion bags to a novel method which uses sodium alginate gel. Sodium alginate was effective in keeping external pollen away from the stigma, since no seed was produced in those treatments that were not manually pollinated but isolated in this way. In addition, flowers hand-pollinated and isolated with sodium alginate produced progeny that were 100 % outcrossed with the applied pollen. The exclusion bags, on the other hand, were not as effective in protecting the stigma as seed was produced in those treatments that were isolated with an exclusion bag without being handpollinated. Sodium alginate isolation also increased the efficiency of control-pollinations as the gel was naturally shed, removing the need for operators to return to the tree to remove the isolation material.
Introduction
Most flowering plants rely on pollinators to deposit compatible pollen onto stigmas for ovule fertilisation and seed set (RAMSEY and VAUGHTON, 2000) . However, pollen quantity may be limiting if pollinators are rare, or if plants compete for the services of pollinators (GROOM, 1998) . Pollen quality may also be limiting, despite adequate pollination, if pollinators deposit selfor incompatible pollen onto stigmas, or deposit closelyrelated pollen which may lead to early-acting inbreeding depression lowering seed set (POUND et al., 2003) . These limitations of natural pollination can largely be overcome with controlled pollination (CP), which allows the quality and quantity of pollen deposited on the stigma to be optimised. In one study, CPs resulted in increased survival, size and reproduction of the plants in subsequent years (LEHTILA and SYRJANEN, 1995) . In forestry, the technique has been used to improve seed yields, control the level of outcrossing in seed orchards, improve breeding through knowledge of both female and male parents, achieve interspecific hybridisation, and study self-incompatibility levels (HARBARD et al., 1999; MON-CUR, 1995) .
For Eucalyptus, the first-developed CP-method, termed the Conventional method, took advantage of the natural protandry (where pollen is released before the stigma becomes receptive) of the eucalypt flower ( VAN WYK, 1977) . The technique involved three flower visits (emasculation and bagging, subsequent pollination of receptive stigmas and re-bagging, removal of bags), and was consequently very time consuming. A more efficient cross-pollination method was later developed, originally for E. globulus, requiring only one visit to the flower (emasculation and immediate pollination of stigmas cut to induce receptivity, followed by bagging) and consequently named One Stop Pollination (OSP; HARBARD et al., 1999) . However, although OSP has been used with some success on a range of eucalypt species (HARBARD et al., 2000; BARBOUR and SPENCER, 2000) , small-flowered species have displayed unacceptably low seed set (WILLIAMS et al., 1999) . (a) A horizontal cut was made through the top quarter of a ripe flower bud without removing the operculum, (b) pollen was applied directly to the cut surface; (c) pollinated buds were sprayed with 100 mM calcium nitrate solution for 5 sec; (d) buds were then immediately sprayed with 2.2 % sodium alginate solution for 5 sec; (e) a protective gel formed around pollinated buds. Bars = 1 cm. Horsley et. al.·Silvae Genetica (2009) 58-5/6, 226-233 Artificially Induced Protogyny (AIP; ASSIS et al., 2005) is a relatively new technique for the controlled pollination of eucalypt trees. It involves cutting off the tip of the operculum of the mature flower bud just prior to anthesis (release of pollen from anthers), with the cut positioned so as to remove the stigma and expose the cut surface of the upper style to which the target pollen is applied, without emasculation or isolation of flowers ( Figure 1A and B) . A recent study has, however, identified the need for self-and external-pollen exclusion in order for the AIP technique to be effective under field conditions (HORSLEY et al., 2008) .
Effective flower isolation is highly desirable during controlled pollinations, since it can enhance the accuracy of breeding through full pedigree control (DUTKOWSKI et al., 2006) . The main sources of pollen contamination during eucalypt CPs are foreign pollen from nearby trees and self pollen transferred geitonogamously from other flowers within the canopy of the tree (SNOW et al., 1996) . Self-pollination within a eucalypt flower is generally prohibited by the protandrous nature of the flower (ELDRIDGE et al., 1993) . To prevent unwanted pollen transfer during controlled pollinations, flowers must be physically isolated, with the method of isolation dependant on the flower characteristics, sexual compatibility between genotypes, pollen quantity and viability, and mode of pollen dissemination (SUNDSTROM et al., 2002) .
For Eucalyptus pollinations, bagging is the simplest method of isolation and involves covering the flowers with breathable material, such as a nappy-liner, paper bag, glassine or fine cloth (MONCUR, 1995) . Individual styles may also be isolated with a small piece of plastic tubing, sealed at one end (HARBARD et al., 1999) . After fertilisation, the stigma abscises taking the tube with it. Use of this method allows all available flowers to be pollinated, unlike bag isolation where flowers that are preor post-anthesis, and likely to be enclosed in the bag, must be removed to prevent contamination (WILLIAMS et al., 1999) . The plastic-tube isolation method is, however, restricted to large-flowered eucalypt species, such as E. globulus, which have single flowers. In small multiflowered inflorescences, such as in E. grandis, it becomes expensive and logistically difficult to isolate individual flowers in this way (BARBOUR, 1997; HARBARD et al., 2000) .
Isolation efforts may need to be increased depending on the type of pollinations being carried out (BRADFORD, 2006) . For example, with interspecific or hybrid crosses, in which contamination can be readily observed in the progeny (phenotypic observations), isolation is not imperative. However, when controlled pollinations are performed intraspecifically, it is important that a reliable isolation method be employed since contaminants are not as easily phenotypically observed and the more expensive route of molecular marker analysis may have to be employed.
The aim of the present study was to develop a practical isolation method for application when using the AIP technique to perform controlled pollinations on smallflowered eucalypts.
Material and Methods

Plant material used in study
The experiments were conducted on mature trees located in two separate clonal (grafted) orchards planted at the Sappi, Shaw Research Centre in KwaZulu-Natal, South Africa. Both orchards were situated at 29°29'S, 30°11'E at 1100 m above sea level. Eucalyptus grandis was the study species in which intraspecific crosses were performed. The breeding population for this species was made up of open-pollinated families from selections made in land-races in South Africa and from provenances in the natural range in Australia.
Maternal genotypes included in the study were B0133 (in orchard 1), T1099 and T1144 (in orchard 2). Paternal genotypes included T1074, B0133 and T1087. Pollinations in orchard 1 were carried out during peak flowering (approximately 80 % of genotypes flowering in the orchard), while those in orchard 2 took place at the end of the flowering season (approximately 20 % of genotypes flowering in the orchard). Trees were chosen on the basis of floral abundance and accessibility for handpollinations, leading to one ramet from each genotype being pollinated. To take into account different micro-climates, replications were evenly distributed around each tree (viz. north, south, east and west).
Pollen collection and processing
For pollen extraction, branches containing ripe flower buds were collected and kept in 100 ml bottles containing water to prevent drying out of the branch. To ensure that there was no contamination from other pollen, all open flowers were removed from the branches before placing in the laboratory overnight. The following morning, when the opercula of unopened flowers had shed and the filaments unfolded, the anthers were excised and left in a desiccator in the presence of silica gel to dry for approximately 48 h at room temperature. When the relative humidity (RH) in the desiccator had reached 10 %, the dried anthers were sieved through a 30 micron mesh to remove debris. The resulting pollen was placed into polypropylene vials, sealed in glass bottles containing silica gel and stored in a freezer at -10°C until needed.
In vitro pollen germination
Pollen viability was tested under laboratory conditions before use in controlled pollinations. Pollen was left at room temperature and RH for 8 hours to rehydrate. In vitro germination was carried out using 30 % (w/v) sucrose, supplemented with 0.15 mg l -1 boric acid in a liquid medium . Pollen from each genotype was placed into glass vials containing the in vitro medium (three replications per genotype) and left to incubate in a germination chamber in a completely randomised design for 48 hours at 29°C. After the required time period had elapsed, 5 µl was transferred from the test-tube to a glass slide. Percent germination was scored using a light microscope (x100 magnification) to count the number of pollen grains germinated out of a total of 50 grains. Six glass slides per genotype (two slides per test tube) were scored for germination Horsley et. al.·Silvae Genetica (2009) 58-5/6, 226-233 (sub-samples), giving a total of 300 pollen grains counted per treatment. Pollen was deemed to have germinated if the pollen tube length was greater than one-half of the diameter of the pollen grain (POTTS and MARSDEN-SMEDLEY, 1989) .
Controlled pollination
Two controlled pollination experiments were performed, one in 2005 and the other in 2007, both employing the AIP method of controlled pollination (ASSIS et al., 2005) . In the 2005 study, B0133 x T1074 crosses were carried out in orchard 1 to test the effect of sodium alginate on pollen tube growth (i.e. to see if sodium alginate would interfere with pollen germination and tube growth). A follow-up study was conducted in 2007 in orchard 2, where T1099 x B0133, T1099 x T1087, T1144 x B0133 and T1144 x T1087 crosses were performed. This was to confirm the 2005 results, as well as test an additional treatment, viz. sodium alginate isolation of non-pollinated buds, to determine if sodium alginate would be effective in keeping extraneous pollen away from the stigma. A secondary aim was to examine the effect of flowering intensity on open-pollinated (OP) seed production in order to determine whether CPs would increase quantity and quality of seed yields towards the end of the flowering season. Appendix A shows the number of flowers pollinated per treatment.
Artificially Induced Protogyny involved cutting off the tip of the operculum of a mature flower bud prior to anthesis to expose the cut surface of the upper style, to which the target pollen was applied, without emasculating the flower. Pollinated flowers were then treated to either nappy-liner isolation (also referred to as 'bagging'), sodium alginate isolation or non-isolation. During bagging, a nappy-liner (Quick-dry nappy-liners, manufactured by Unsgaard Packaging Ltd, South Africa) was placed over three umbels (maximum of 21 flowers) and secured at each end using twist wires. These bags were removed when the stigma had fully oxidised, which occurred two weeks after pollination. For sodium alginate isolation, pollinated buds were first sprayed with 100 mM calcium nitrate solution for 5 seconds and then immediately sprayed with 2.2 % sodium alginate solution for 5 seconds, allowing a gel to form around the buds (Figure 1) . The sodium alginate gel was shed naturally upon operculum-fall. Open controls consisted of buds that had been neither artificially pollinated nor isolated and were included to give an indication of natural pollination success.
Seed set
All capsules remaining at maturity (10 months after pollination) were harvested and allowed to dry out in the laboratory and release their seed. The number of viable seeds in each capsule were counted. Seeds were considered viable if they were rounded, solid and dark in colour as opposed to flat and possessing a light-brown colour (POUND et al., 2002) .
Molecular marker analysis of pollen contamination
Molecular marker analysis was performed on leaf samples from progeny of seed parents B0133 and T1144. DNA was extracted using the Qiagen DNeasy Plant Kit (QIAGEN, Valencia, CA, USA). The contamination rate of each of the treatments was determined using microsatellite markers (BRONDANI et al., 1998) to test for non-parental (contaminant) alleles in each progeny set. The number of individuals to be genotyped was determined by the lowest rate of contamination to be detected, namely 5 %, and thus 20 individuals per treatment were chosen for parentage analysis. Eight highly informative microsatellite markers (viz. EMBRA 37, EMBRA 45, EMBRA 48, EMBRA 56, EMBRA 94, EMBRA 98, EMBRA 219, EMBRA 227) were used to ensure adequate power to discriminate closely related pollen contaminants from pollen used in the CP trials.
Statistical analysis
SPSS Version 15.0 was used for all statistical analyses. Pollen viability and seed set per flower pollinated data were subjected to Analysis of Variance (ANOVA) and Duncan multiple range tests. Percentage pollen viability was angular transformed prior to the analysis.
Results
In vitro pollen germination
There were significant differences between pollen batches used in the controlled pollination experiments (F = 11.492; P = 0.009). Genotype T1087 exhibited the highest in vitro pollen germination (64.0 ± 1.7 %) and genotype T1074 the lowest (38.7 ± 6.1%; Table 1 ).
Controlled pollinations
In terms of seeds per flower pollinated, there were no significant differences (F = 0.743; P = 0.596) between isolation treatments in genotype B0133 (Figure 2a) . However, in genotype T1099, there were significant effects (F = 3.872; P = 0.006), with exclusion bag isola- Horsley et. al.·Silvae Genetica (2009) 58-5/6, 226-233 tion achieving the highest seed yields in both T1099 x T1087 and T1099 x B0133 crosses (Figure 2b) . For all three isolation treatments conducted on T1099, no seed was obtained when AIP was performed without manual application of pollen (Figure 2b) . Genotype T1144 also displayed significant differences for seeds per flower pollinated (F = 5.225; P < 0.001), with the non-pollinated sodium alginate isolation the only treatment not producing any seed (Figure 2c) . In all three maternal genotypes, controlled pollination generally led to an increase in seed yields compared to natural pollination (open controls). 
Molecular marker analysis of pollen contamination
Sodium alginate isolation was effective in excluding both self-and foreign-pollen from the stigma, and progeny derived from this isolation method were found to be 100 % outcrossed with the applied pollen ( Table 2) . The exclusion bag, on the other hand, was not as effective, with the no-pollen treatment of seed parent B0133 being particularly contaminated with high amounts of selfpollen (67 % selfing). Non-isolated treatments had lower contamination than the exclusion bag treatments, although selfing was still evident (11% selfing in the nopollen treatment of seed parent B0133). There was an unexpectedly high amount of selfing in the B0133 open control (45 %), compared to an absence of selfing in the T1144 open control ( Table 2) .
Discussion
Of the two CP-isolation methods tested here, sodium alginate isolation appears to be the most promising for application in eucalypt commercial controlled pollinations when using the AIP technique. Sodium alginate was effective in keeping external pollen away from the stigma, since no seed was produced in those treatments that were not manually pollinated but isolated in this way. In addition, flowers hand-pollinated and isolated with sodium alginate produced progeny that were 100 % outcrossed with the applied pollen. The exclusion bag, on the other hand, was not as effective in protecting the stigma. Seed was produced in those treatments that were isolated with an exclusion bag without being handpollinated.
There is no doubt that the floral biology of eucalypts needs to be considered when developing a controlled pollination system (MONCUR and BOLAND, 2000) . Although there is a time separation between pollen-shed and stigmatic receptivity in a single flower, it is still possible for a high degree of selfing to occur in the crown of a single tree. MORAN and BELL (1983) have predicted this to be in the region of 30 % in natural eucalypt populations, but the present study suggests that the selfing rate in orchards can go as high as 45 % ( Table 2) .
Prior deposition of self-pollen on the stigma may interfere with the flower's ability to use available crosspollen, resulting in reduced seed set (RAMSEY and VAUGHTON, 2000) . Potential mechanisms of interference include clogging or blocking of stigma surfaces, stylar tissues or ovular micropyles and fertilising ovules that are later aborted due to late-acting self-incompatibility (SEAVEY and BAWA, 1986) or inbreeding depression (WASER and PRICE, 1991) . In addition to late-acting SI, a previous study identified Eucalyptus grandis as also being cryptically self-incompatible . In species with cryptic SI, plants are able to set self-seed in the absence of competing crosspollen (BATEMAN, 1956) . Thus to produce a useful CPsystem, it is evident that we need to develop methods to control selfing. Sodium alginate isolation appears to be useful in this regard, since there was no selfing in both 2005 and 2007 studies when using this method of isolation. Horsley et. al.·Silvae Genetica (2009) 58-5/6, 226-233 Table 2. -Molecular marker analysis of pollen contamination in Eucalyptus grandis progeny created by the AIP method of controlled pollination in combination with different methods of flower isolation. A total of 20 progeny from each treatment were fingerprinted.
* no pollen manually applied.
Eucalypts are largely insect-pollinated and successful pollinations are influenced by a number of factors, including diversity of flowering times, diversity in flowering intensity and number of pollen vectors present at flowering (ELDRIDGE et al., 1993) Differences in flowering intensity between the 2005 and 2007 studies could also explain the differences observed in selfing rate between B0133 and T1144 open controls (45 vs 0 %). In the 2005 study, individual trees had a higher flower density, which might have caused insect pollinators to remain within the canopy of the tree, thereby increasing selfing (SNOW et al., 1996) . In contrast, trees had a lower volume of flowers in 2007 (being at the end of the flowering season) and there were also fewer trees flowering in the orchard, making insect pollinators travel further distances and more often between trees, and thereby increasing outcrossing (GRIFFIN and OHMART, 1986; HOUSE, 1997) . LEVRI (1998) noticed a similar effect of flowering intensity on selfing rate in Kalmia latifolia (Ericaceae). In that study, flowers receiving a mixed pollen load early in the flowering season exhibited a higher selfing rate, compared to flowers of the same age that received pollen later in the season (LEVRI, 1998).
Apart from physiological and biochemical factors, pollination is undoubtedly affected by weather conditions, such as wind and rain (ORTEGA et al., 2007) , making isolation of the control-pollinated flower imperative under field conditions. The major effect of wind is that it increases self-pollination by vibrating the branches of the tree, causing pollen to fall from the anthers of flowers higher in the canopy onto the receptive stigmas of branches lower down (ELDRIDGE and GRIFFIN, 1983) . Rain reduces or inhibits pollinator activity and delays flower opening and anther dehiscence (EISIKOWITCH et al., 1991) . With respect to controlled pollinations, rain could also wash pollen off the stigma (ORTEGA et al., 2007) . All pollinations in the present study were carried out during summer, which in KwaZulu-Natal, South Africa, is rainy season, and thus could be a contributing factor to some of the low seed yields obtained. Genotype B0133 occurred in an orchard that consisted of more closely spaced trees than genotypes T1099 and T1144, and therefore B0133 may have been better shielded from rain and wind, giving rise to generally higher seed yields from both open-and control-pollinations. In addition to these environmental effects, the observed geno-typic differences could also be attributed to genetic based differences in reproductive success (CALLISTER, 2007; MCGOWEN, 2007) . PATTERSON et al. (2004) have shown that the proportion of capsules set following controlled pollination in E. globulus can range from 10-90 % between female trees.
By reducing overlap between male and female reproductive functions, protandry is thought to reduce autogamous self-pollination (i.e. pollination of a flower by its own pollen) and self-pollen interference (BERTIN and NEWMAN, 1993) . However, the E. grandis flowers in the present study were made artificially protogynous (stigma made receptive before anthesis) during the AIP method of controlled pollination, and were thus only partially effective in reducing within-flower selfing. This was confirmed by the high selfing (67 %) obtained in the no-pollen exclusion bag isolated treatment from maternal genotype B0133 ( Table 2 ). Since the stigma is made receptive before the flower opens during AIP, contamination may occur just after flower opening, when the cut style is still receptive and self-pollen is at its maximum viability (ASSIS et al., 2005) . It is therefore extremely important in the AIP method of controlled pollination that the isolation technique employed be highly efficient in excluding self-pollen.
Conclusion
From these results it is recommended that AIP-pollinated flowers be isolated to exclude foreign-and selfpollen when pollinations are performed under field conditions. Sodium alginate appears to be the isolation method of choice as, in addition to providing maximum protection to the stigma, it can be left on the tree to be disposed of by the ripening flower. Upon flower opening, the sodium alginate gel is shed naturally, increasing labour productivity as operators do not need to return to the tree to remove the isolation material, and hence reducing the cost of producing control-pollinated seed. The risk of physical damage to flower buds is also reduced when using sodium alginate isolation, as flowers are not exposed to the stresses resulting from a hot and humid atmosphere as they would be within the bag during exclusion bag isolation.
